Introduction {#s1}
============

In most animal species with internal fertilization, male external genitalia are the most rapidly evolving organs and they usually are the first organs to diverge morphologically following speciation [@pone.0057158-Eberhard1]. Because of their rapid evolution and species-specificity, their illustration is a common feature of taxonomic literature to discriminate closely-related species. Among the various hypotheses proposed to explain such a rapid male genitalia evolution, two appear as the most plausible [@pone.0057158-Eberhard2]. First, the cryptic female choice (CFC) hypothesis postulates that male genitalia evolution is driven by the 'aesthetic' sense of females [@pone.0057158-Eberhard1]. This hypothesis considers the great diversity of male external genitalia comparable to the rapid evolution of exaggerated sexual ornaments (e.g. feather colors) that are used to charm or lure females. Second, the sexually antagonistic coevolution (SAC) hypothesis postulates that the reproductive optimum of one sex is in opposition to that of the other, setting up an escalating arms race of antagonistic traits in males and females. Morphological traits under SAC include male genitalia that cause damage to the female, in order to directly or indirectly maximize the use of the male's own sperm, in particular by preventing females from remating [@pone.0057158-Stutt1]--[@pone.0057158-Hosken1].

The coevolution between male and female genitalia expected under CFC differs from the one expected under SAC [@pone.0057158-Eberhard2]. On one hand, CFC predicts that female changes will probably involve physiological and neuronal aspects. These postulated yet unknown female modifications should be unraveled by future neurobiological research, such as examinations of female reproductive tract neurons. CFC is also compatible with a certain degree of morphological coevolution between male and female genitalia, which would be on a "cooperative basis", such as grooves and furrows helping males to grasp the female, or helping females to sense the male. Such a pattern of cooperative coevolution has been widely documented in Pholcidae spiders between male cheliceral apophyses and female epigynal pockets [@pone.0057158-Huber1]--[@pone.0057158-Huber3]. On the other hand, SAC predicts that female genitalia might evolve in response to male aggressive genital structures on a "defensive basis" in order to resist the harm induced by males. Few instances of resistant female structures coevolving with male harmful genitalia have been documented and even fewer appear to be defensive [@pone.0057158-Eberhard2], [@pone.0057158-Eberhard3]. These examples include the genital pads in Malabar ricefish [@pone.0057158-Kulkarni1], [@pone.0057158-Pratt1], the thickness of vaginal connective tissues in seed beetles [@pone.0057158-Rnn1], the genital spines in water striders [@pone.0057158-Arnqvist2], the paragenital systems in bedbugs [@pone.0057158-Carayon1], the vaginal coils in waterfowl [@pone.0057158-Brennan1] and morphometrical covariations in female guppies [@pone.0057158-Evans1] and dung beetles [@pone.0057158-Simmons1]. Most of these cases involve species with coercive mating and reduced courtship, suggesting that the lack of female 'aesthetic' senses in these species may have led to the evolution of such cases [@pone.0057158-Vahed1]--[@pone.0057158-HrukovMartiov1].

Two comparative studies of genitalia in various fruit flies of the genus *Drosophila* concluded that in contrast to rapidly evolving male genitalia, female genital morphology is "practically invariable" among closely-related species that have diverged 3 million years ago (Ma) [@pone.0057158-Jagadeeshan1], and that their general form remained identical between distantly-related species that have diverged 40--60 Ma [@pone.0057158-Eberhard4]. Because courtship is elaborate in *Drosophila* species and involves different aspects that appear to influence female choice [@pone.0057158-Dickson1], CFC has been thought to be the primary factor explaining the rapid evolution of male genitalia in these flies [@pone.0057158-Jagadeeshan1]. However, *Drosophila* copulation anatomy has recently been investigated in detail, and a general pattern seems to emerge, with male genitalia causing copulatory wounds to the female tract, mainly via phallic auxiliary organs known as posterior parameres or inner paraphyses [@pone.0057158-Kamimura1], [@pone.0057158-Kamimura2] or via phallic spikes [@pone.0057158-Kamimura3]. Whether these wounds reduce survival of mated females is unknown, although they were shown to trigger a localized immune response [@pone.0057158-Kamimura4]. In *D. melanogaster*, a few harmful seminal proteins such as the sex peptide are known to enter the female hemolymph through the intima of the anterior margin of the vagina [@pone.0057158-Lung1], [@pone.0057158-Ottiger1] where the mating wounds form [@pone.0057158-Kamimura2]. Comparative investigations of copulation anatomy between species also revealed two female genital structures coevolving with male parts. First, in the four species of the *melanogaster* complex, a membraneous pleural pouch before the anterior margin of the female oviscapt (sternite 8) and below tergite 8 harbors the male epandrial posterior lobes at the late stages of copulation [@pone.0057158-Robertson1], [@pone.0057158-Kamimura5]. The size of this female pouch covaries with male lobe size between the four species. Second, in two species of the *yakuba* complex, a furrow at the antero-dorsal margin of the oviscapt harbors the male phallic basal spikes during intromission [@pone.0057158-Kamimura3], [@pone.0057158-Kamimura4]. The sizes of these female furrows and male spikes also covary between species of the *yakuba* complex.

We conducted here a detailed comparative analysis of male and female genitalia in the nine species of the *melanogaster* subgroup. We found several new female characters whose evolution between species correlates with changes in contacting male structures.

Materials and Methods {#s2}
=====================

Fly Culture and Morphological Analyses {#s2a}
--------------------------------------

Males and females were obtained from laboratory cultures of the nine species of the *melanogaster* subgroup ([Table 1](#pone-0057158-t001){ref-type="table"}) and reared on standard *Drosophila* medium at 21°C. Cultures were kindly provided by Jean R. David (CNRS, Gif-sur-Yvette) and we confirmed the identification of each species based on species-specific male genitalia traits [@pone.0057158-Tsacas1]--[@pone.0057158-Bchli1]. Genitalia of at least 10 individuals per sex and per species were dissected, mounted on microscopic slides in DMHF mounting medium (Entomopraxis A9001) and photographed under a Keyence VHX-2000 light microscope. Outlines of male epandrial posterior lobes and female oviscapt pouches were drawn manually on the light microscope images and their areas were estimated with the ImageJ software package [@pone.0057158-Abramoff1]. Measurements were taken on well-dissected and correctly oriented preparations for a single pouch per female (*D. melanogaster*, *N* = 17; *D. simulans*, *N* = 20; and *D. sechellia*, *N* = 19) and from a single epandrial posterior lobe per male (*D. melanogaster*, *N* = 8; *D. simulans*, *N* = 9; and *D. sechellia*, *N* = 5). In addition, 10 *D. simulans* virgin females were examined for the presence of an oviscapt pouch. These virgin females were selected at the pupal stage based on sex comb absence and adults were grown on standard food for 8 days before dissection. Scanning electron microscopy (SEM) was performed using standard protocol.

10.1371/journal.pone.0057158.t001

###### Geographical origin and date of collection of the nine laboratory strains used in this study.

![](pone.0057158.t001){#pone-0057158-t001-1}

  Species                Geographical origin      Collection date                        Collector                      *Drosophila* San DiegoStock Center number
  ------------------- ------------------------- -------------------- ------------------------------------------------- -------------------------------------------
  *D. melanogaster*      Marrakech, Morocco             2009                           Jean R. David                   
  *D. simulans*          Marrakech, Morocco             2009                           Jean R. David                   
  *D. sechellia*         Seychelles Islands             1985                              Unknown                      
  *D. mauritiana*         Mauritius Island              1985                              Unknown                      
  *D. teissieri*        Mt Selinda, Zimbabwe     1970H. E. Paterson                                                    
  *D. yakuba*           Andasibe, Madagascar            2008                    Jean R. David & Amir Yassin            
  *D. santomea*            São Tomé Island              1998                          Daniel Lachaise                                 14021-0271.00
  *D. erecta*           Lamto, Côte d'Ivoire            1971                          Daniel Lachaise                  
  *D. orena*           Bafut N'Guemba,Cameroon          1975          Jean R. David, Daniel Lachaise& Léonidas Tsacas                 14021-0245.01

For the two species of the *melanogaster* subgroup whose copulation anatomy has never been described, *D. orena* and *D. erecta*, pairs were dissected *in copula* to investigate the position of male and female genital structures during mating. For each species, 20 virgin females were kept in a vial for five days, and then mated *en masse* to 4--5 days old males. Ten tubes (*N* = 200 females) were used for each species. At 3--5 minutes from the start of matings, flies were killed by ether and conserved in absolute ethanol. Thirty mating pairs were dissected, mounted in DMHF and observed under a Leica DMZ light microscope for each species. Ether has also been used efficiently to kill copulating pairs in several other species of the *D. melanogaster* subgroup (Jean David, personal communication) and *D. orena* flies were killed as rapidly as *D. erecta* in presence of ether. We therefore think that the superficial penetration in *D. orena* is not an artifact due to rapid withdrawal of their genitalia before death.

Phylogenetic Analysis of Male-female Genital Coevolution {#s2b}
--------------------------------------------------------

Coevolution between male and female structures was inferred using Pagel's [@pone.0057158-Pagel1] phylogenetic correlation (λ) test as implemented in the MESQUITE software package [@pone.0057158-Maddison1]. Male and female characters were binary coded (0 = absent, 1 = present) and mapped on the phylogenetic tree of the nine species inferred from Obbard et al. [@pone.0057158-Obbard1] ([File S1](#pone.0057158.s001){ref-type="supplementary-material"}). For each characters pair, likelihood ratios are compared between two models, one with independent rates of character evolution and the other with the rate of one character depending on that of the second character. Significance was estimated from simulation data after 100 or 1000 iterations using MESQUITE, and False Discovery Rate (FDR) control [@pone.0057158-Benjamini1] was applied to correct for multiple comparisons, as implemented in the LBE 1.22 software package in R [@pone.0057158-Dalmasso1].

Results {#s3}
=======

Species-specific Female Genitalia {#s3a}
---------------------------------

In contrast to previous reports [@pone.0057158-Jagadeeshan1], [@pone.0057158-Eberhard4], our detailed examination of the nine species of the *D. melanogaster* subgroup uncovered several novel female genitalia structures that are species-specific. These female structures can be classified under two categories: external pouches and internal vaginal shields. We discovered sclerotized depressions of distinctive sizes and shapes at the postero-dorsal margin of the oviscapt in five species. They differ from the membraneous pleural pouches described previously by Robertson [@pone.0057158-Robertson1] and Kamimura and Mitsumuto [@pone.0057158-Kamimura5] that are located anteriorly at the junction between the oviscapt and the eighth tergite. These newly described sclerotized structures were recently found independently by Kamimura and Mitsumuto [@pone.0057158-Kamimura3] in two species, *D. yakuba* and *D. teissieri*. Furthermore, we detected sclerifications on internal walls of the vagina, that we named vaginal shields, in three species. Those of *D. orena* were previously described by Tsacas and David [@pone.0057158-Tsacas4]. We provide below a detailed account of these female structures.

To identify the male parts that contact these female structures during copulation, we examined the anatomy of copulating pairs. Based on previous reports for seven *D. melanogaster* subgroup species [@pone.0057158-Jagadeeshan1], [@pone.0057158-Eberhard4], [@pone.0057158-Kamimura2], [@pone.0057158-Kamimura3], [@pone.0057158-Robertson1], [@pone.0057158-Kamimura5] and our observations for two species for which no data were available, we identified male organs that contact each female structure during copulation. Phylogenetic correlation analysis revealed significant correlated evolution of these interacting male and female genitalia structures in the *D. melanogaster* subgroup.

Female Oviscapt Pouches {#s3b}
-----------------------

In a monograph on European drosophilids, Bächli et al. [@pone.0057158-Bchli1] noted the presence of a large depression at the postero-dorsal margin of the oviscapt of *D. simulans* that they suggested to "hold the large male epandrial posterior lobe during copulation." We examined the oviscapt of *D. simulans* and observed a large depression as indicated by Bächli et al. [@pone.0057158-Bchli1], named hereafter oviscapt pouch ([Fig. 1D--D](#pone-0057158-g001){ref-type="fig"}′). This pouch was present in both virgin (*N* = 10) and mated females (*N* = 10). We also examined the remaining three species of the *melanogaster* complex and found smaller oviscapt pouches in two species, *D. melanogaster* ([Fig. 1A--A](#pone-0057158-g001){ref-type="fig"}′) and *D. sechellia* ([Fig. 1G--G](#pone-0057158-g001){ref-type="fig"}′) and no pouch in *D. mauritiana* ([Fig. 1J--J](#pone-0057158-g001){ref-type="fig"}′; *N* = 10).

![Scanning electron micrographs of female oviscapts (A, D, G, J) and male epandrial posterior lobes (B, E, H, K) and phalli (C, F, I, L) in species of the *melanogaster* complex: *D. melanogaster* (A, C), *D. simulans* (D--F), *D. sechellia* (G--I) and *D. mauritiana* (J--L).\
Each oviscapt picture is duplicated, with the oviscapt pouch contours outlined in (A′, D′, G′, J′). Note the presence of a slight depression on the oviscapt of *D. mauritiana* (J′; arrow), suggesting that a small pouch may exist in this species (see text). Scale bar is 50 µm.](pone.0057158.g001){#pone-0057158-g001}

Mating descriptions in species of the *melanogaster* complex [@pone.0057158-Jagadeeshan1], [@pone.0057158-Eberhard4], [@pone.0057158-Kamimura2], [@pone.0057158-Robertson1], [@pone.0057158-Kamimura5] indicate that at the beginning of copulation the postero-dorsal margin of the oviscapt contacts male grasping organs known as epandrial posterior lobes. Epandrial posterior lobes provide the strongest discriminatory characters between species of the *melanogaster* complex ([Fig. 1B--C, E--F, H--I, K--L](#pone-0057158-g001){ref-type="fig"}) and have been subject to extensive investigations aiming at identifying the genetic basis of morphological divergence [@pone.0057158-Coyne1]--[@pone.0057158-Masly1]. We found that average female pouch area correlates with average male lobe area in the *melanogaster* complex species (Spearman's rank correlation: *r* = 1.00, *P*\<0.157; [Fig. 2](#pone-0057158-g002){ref-type="fig"}). In *D. mauritiana,* the epandrial posterior lobe is reduced to a small rod ([Fig. 1K](#pone-0057158-g001){ref-type="fig"}). Although a slight depression at the postero-dorsal margin of *D. mauritiana* oviscapt might be perceptible on SEM photos (arrow in [Fig. 1J](#pone-0057158-g001){ref-type="fig"}′), we did not detect any oviscapt pouch in dissected *D. mauritiana* oviscapts under a conventional light microscope.

![Photomicrographs of female oviscapts (A, C, E) and male epandria (B, D, F) in three species of the *melanogaster* complex: *D. melanogaster* (A, B), *D. simulans* (C, D) and *D. sechellia* (E, F).\
Oviscapt pouches and epandrial posterior lobes were outlined and the area of their black duplicates was measured. Areas of both structures are significantly correlated between the three species (G). Each point indicates the species average and bars indicate standard deviation. Scale bar is 50 µm.](pone.0057158.g002){#pone-0057158-g002}

Female Oviscapt Furrows {#s3c}
-----------------------

In the *yakuba* complex, we also detected a depression at the postero-dorsal margin of the oviscapt in *D. teissieri* (white arrowheads in [Fig. 3A](#pone-0057158-g003){ref-type="fig"}) and in *D. yakuba* ([Fig. 3D](#pone-0057158-g003){ref-type="fig"}) but not in *D. santomea* ([Fig. 3G](#pone-0057158-g003){ref-type="fig"}; *N* = 10). Similar observations were made independently by Kamimura and Mitsumuto [@pone.0057158-Kamimura3] in these three species. This depression forms a slit in *D. teissieri* ([Fig. 3A](#pone-0057158-g003){ref-type="fig"}) and an oval pocket in *D. yakuba* ([Fig. 3D](#pone-0057158-g003){ref-type="fig"}, see also [Fig. 1e](#pone-0057158-g001){ref-type="fig"}--e′ in Kamimura and Mitsumuto [@pone.0057158-Kamimura3]) and is called hereafter oviscapt furrow, as it lacks the oval shape typical of the oviscapt pouches of the *melanogaster* complex.

![Micrographs of female oviscapts (A, D, G) and male epandrial posterior lobes (B, E, H) and phalli (C, F, I ) in species of the *yakuba* complex: *D. teissieri* (A--C), *D. yakuba* (D--F) and *D. santomea* (G--I); Oviscapt furrows and phallic spurs are indicated by arrowheads.\
Note the absence of species-specific structures in the male and female genitalia of *D. santomea* (G, I). Scale bar is 50 µm.](pone.0057158.g003){#pone-0057158-g003}

Small protrusions were also detected in *D. teissieri*, *D. yakuba* and *D. santomea* males in the part of the epandrium that harbors epandrial posterior lobes in species of the *melanogaster* complex ([Fig. 3B, E, H](#pone-0057158-g003){ref-type="fig"}). These structures can thus be considered as small epandrial lobes. Lobes of *D. teissieri* ([Fig. 3B](#pone-0057158-g003){ref-type="fig"}; [@pone.0057158-Tsacas1]) are larger than those of *D. yakuba* ([Fig. 3E](#pone-0057158-g003){ref-type="fig"}; [@pone.0057158-Snchez1]), while those of *D. santomea* ([Fig. 3H](#pone-0057158-g003){ref-type="fig"}, not reported previously) are of equal size to those of *D. yakuba*. Kamimura and Mitsumuto [@pone.0057158-Kamimura3] did not describe the role of these lobes during copulation, but according to their microscopic preparations of mating couples, these lobes do not contact female oviscapt furrows during copulation. The female oviscapt furrows of *D. yakuba* were shown to hold two basal phallic processes during copulation that Kamimura and Mitsumuto [@pone.0057158-Kamimura3] called phallic spikes. Phallic spikes are longer in *D. teissieri* than in *D. yakuba* and are absent in *D. santomea* ([Fig. 3C, F, I](#pone-0057158-g003){ref-type="fig"}, [@pone.0057158-Kamimura3]). The elongated slit-like shape of the *D. teissieri* furrows suggests that, like in *D. yakuba*, they hold phallic spikes during copulation. In the four species of the *melanogaster* complex, no phallic spikes are found and the female pouches contact male epandrial posterior lobes during copulation [@pone.0057158-Jagadeeshan1], [@pone.0057158-Kamimura2], [@pone.0057158-Kamimura5].

In *D. orena* and *D. erecta,* no female oviscapt depressions were found (*D. orena, N* = 10, [Fig. 4D--D](#pone-0057158-g004){ref-type="fig"}′, [@pone.0057158-Tsacas4]; *D. erecta*, *N* = 10, [Fig. 4G--G](#pone-0057158-g004){ref-type="fig"}′, [@pone.0057158-Tsacas2]), nor male epandrial posterior lobes (data not shown). The phalli of these species are the largest among the *melanogaster* subgroup species [@pone.0057158-Lachaise2]. Phalli of the *erecta* complex strongly discriminate the two species, and their basal protrusions are different from each others and from the phallic spurs of the *yakuba* complex ([Fig. 4F, I](#pone-0057158-g004){ref-type="fig"}). We called these protrusions phallic hooks in *D. orena* ([Fig. 4F](#pone-0057158-g004){ref-type="fig"}) and phallic spines in *D. erecta* ([Fig. 4I](#pone-0057158-g004){ref-type="fig"}).

![Micrographs of female vaginal shields (A--B, D--E, G--H) and male cerci (C) and phalli (F, I) in *D. teissieri* (A--C), *D. orena* (D--F) and *D. erecta* (G--I). White arrowheads indicate apparently harmful male phallic structures.\
Each oviscapt picture is duplicated (A′, D′, G′), with the contours of the vaginal shields and oviscapt pouches outlined with continuous and dotted lines, respectively; ov: oviscapt; vu: vulva. Scale bar is 50 µm.](pone.0057158.g004){#pone-0057158-g004}

Female Vaginal Shields {#s3d}
----------------------

Our microscopic investigation of the internal morphology of female genitalia revealed strong sclerites (hereafter vaginal shields) that are found only in *D. teissieri*, *D. erecta* and *D. orena*. In *D. teissieri*, these sclerites are located at the ventral margin of the vagina ([Fig. 4A--A](#pone-0057158-g004){ref-type="fig"}′, B); hereafter ventral vaginal shields) and absent from the vagina of its two closely-related species *D. yakuba* and *D. santomea*. During copulation, this part of the vagina contacts male cerci in the four species of the *melanogaster* complex (Fig. 6 in Eberhard and Ramirez [@pone.0057158-Eberhard4]; [@pone.0057158-Vahed1], [@pone.0057158-Eberhard4], [@pone.0057158-Kamimura3]). Interestingly, *D. teissieri* male cerci harbor a set of teeth that are stronger and stouter than in the other species of the *D. melanogaster* subgroup ([Fig. 4C](#pone-0057158-g004){ref-type="fig"}; [@pone.0057158-Tsacas1]), and whose number and disposition differ among geographically isolated populations [@pone.0057158-Lachaise3], [@pone.0057158-Joly1]. Vaginal shields in this species may thus have evolved as a protection against those strong cercal teeth.

In *D. orena*, we found a sclerification above the female vulva ([Fig. 4D--D](#pone-0057158-g004){ref-type="fig"}′, E; hereafter vulval shield; [@pone.0057158-Tsacas4]). In *D. erecta*, we found a large sclerite at the dorsal margin of the vaginal duct leading to the uterus ([Fig. 4G--G](#pone-0057158-g004){ref-type="fig"}′, H; hereafter uterine shield).

Copulation Anatomy of *D. orena* and *D. erecta* {#s3e}
------------------------------------------------

To determine which male parts come into contact with the vaginal shields in *D. orena* and *D. erecta*, we mounted copulating pairs at 3--5 minutes after copulation started and examined their anatomy. General patterns of the copulation anatomy of *D. orena* and *D. erecta* resembles those of the remaining species of the subgroup ([Fig. 5](#pone-0057158-g005){ref-type="fig"}). As in the other species of the subgroup [@pone.0057158-Jagadeeshan1], [@pone.0057158-Eberhard4], [@pone.0057158-Kamimura2], [@pone.0057158-Kamimura3], [@pone.0057158-Robertson1], [@pone.0057158-Kamimura5], the male abdomen bends at 180° to penetrate the female and the epandrial lobes, which lack epandrial posterior lobes, grasp female oviscapts at the dorso-distal margins while the surstyli grasp them on the ventro-distal margins. The male cerci grasp the female oviscapt at their ventro-medial margin. The male phallus and the two pairs of paraphyses (the inner and outer pairs) penetrate the female vagina. Like in other species [@pone.0057158-Kamimura2], [@pone.0057158-Kamimura3], [@pone.0057158-Kamimura5], the paraphyses spread into the female vagina laterally, with the outer pairs pressing on the female dorso-lateral walls and the inner pairs pressing on her ventro-lateral walls. Phallic penetration was deep in *D. erecta* ([Fig. 5C](#pone-0057158-g005){ref-type="fig"}) and superficial in *D. orena* ([Fig. 5A](#pone-0057158-g005){ref-type="fig"}). Accordingly, most copulating pairs of *D. orena* fixed in alcohol separated from each other during dissection (17 out of 30 pairs), in contrast to *D. erecta* pairs which were strongly fixed and never detached from each other (*N* = 30 pairs). Our observations show that species-specific vaginal shields in *D. orena* and *D. erecta* contact species-specific phallic hooks and spines, respectively, during copulation (arrowheads in [Fig. 5B, D](#pone-0057158-g005){ref-type="fig"}).

![Copulation anatomy of *D. orena* (A--B) and *D. erecta* (C--D).\
Male and female organs are depicted in blue and pink, respectively, with contacting species-specific structures in dark colors. Note that phallic hooks and spines (arrowheads) contact female vaginal shields during copulation; aa: aedeagal apodeme; cer: cercus; ep: epandrium; epct: epiproct; hypct: hypoproct; ov: oviscapt; ph: phallus; t8: tergite 8; ush: uterine shield; vsh: vulval shield. Note that the male surstyli that grasp the female oviscapt at the ventro-distal margin and the phallic paraphyses were not reproduced in the schematic drawings (B, D) for the sake of clarity. Scale bar is 1 mm.](pone.0057158.g005){#pone-0057158-g005}

![Mapping of male-female genital coevolution on the phylogeny of the nine species of the *melanogaster* subgroup (A) drawn after Obbard et al. [@pone.0057158-Obbard1]: male epandrial posterior lobes and female oviscapt pouches in the melanogaster species complex (B), male phallic spikes and female oviscapt furrows in the yakuba species complex (C), and male phallic spines and hooks and cercal teeth and female uterine, vulval and vaginal shields in *D. erecta*, *D. orena* and *D. teissieri*, respectively (D).](pone.0057158.g006){#pone-0057158-g006}

Phylogenetic Analysis of Coevolution {#s3f}
------------------------------------

Male and female genital traits (presence/absence) were mapped on the phylogeny of the nine species in order to test their coevolution ([File S1](#pone.0057158.s001){ref-type="supplementary-material"}; [Fig. 6](#pone-0057158-g006){ref-type="fig"}). [Table 2](#pone-0057158-t002){ref-type="table"} shows the distribution of Pagel's phylogenetic correlations (λ) between the different male and female genital structures described here, and their corresponding probability values after FDR correction for multiple comparisons. With the exception of the negative correlation between male epandrial posterior lobes in the *melanogaster* complex and the small lobes of the *yakuba* complex (λ = 3.34; *q* = 0.031), the highest correlation values were found between male and female structures and they all correspond to positive correlations: epandrial posterior lobes with oviscapt pouches (λ = 6.09; *q* = 0.019; [Fig. 6B](#pone-0057158-g006){ref-type="fig"}), phallic spikes with oviscapt furrows (λ = 4.76; *q* = 0.017; [Fig. 6C](#pone-0057158-g006){ref-type="fig"}), phallic hook with vulval shield (λ = 3.10; *q* = 0.019; [Fig. 6D](#pone-0057158-g006){ref-type="fig"}), phallic spines with uterine shield (λ = 3.09; *q* = 0.019; [Fig. 6D](#pone-0057158-g006){ref-type="fig"}) and cercal teeth with ventral vaginal shields (λ = 3.11; *q* = 0.017; [Fig. 6D](#pone-0057158-g006){ref-type="fig"}). Interestingly, each of these coevolving structure pairs comes in contact with each other during copulation (see above). The male epandrial posterior lobes of the *melanogaster* and *yakuba* complexes did not show significant coevolution with the female oviscapt depressions which include both pouches and furrows, in these two complexes (λ = 2.01; *q* = 0.052), in concordance with the observation that the female pouches and furrows contact distinct male organs during copulation.

10.1371/journal.pone.0057158.t002

###### Pagel's (1994) phylogenetic correlations between male and female structures.

![](pone.0057158.t002){#pone-0057158-t002-2}

                            Male      Female                                                                                                                            
  ---------------------- ---------- ----------- ----------- ----------- ----------- ----------- ---------- ---------- ----------- ------------- ----------- ----------- -----------
  **Male**                                                                                                                                                              
  EPL                        --      **0.046**     0.062       0.075     **0.019**   **0.031**    0.070      0.052       0.052        0.072        0.052       0.052       0.061
  Large EPL               **2.25**      --       **0.031**     0.061       0.070       0.069      0.061      0.070     **0.019**      0.061        0.062       0.070       0.070
  Small EPL                 1.63     **3.34**       --       **0.019**     0.061       0.061      0.052      0.080     **0.019**    **0.019**      0.061       0.061       0.061
  Phallic spikes            0.80       1.17      **2.84**       --         0.104       0.091      0.061      0.070       0.062     **\<0.017**     0.100       0.080     **0.046**
  Phallic hook            **2.00**     0.57        0.83        0.26         --         0.109      0.101      0.080       0.070        0.094      **0.019**     0.111       0.105
  Phallic spines          **2.00**     0.57        0.83        0.26        0.13         --        0.095      0.070       0.070        0.111        0.108     **0.019**     0.091
  Cercal teeth              0.90       0.61        1.23        1.75        0.13        0.13         --       0.080       0.061      **0.046**      0.080       0.083     **0.017**
  **Female**                                                                                                                                                            
  Oviscapt depressions      2.01       0.79        0.44        1.39        0.94        0.93        0.65        --      **0.046**      0.070        0.070       0.062       0.075
  Oviscapt pouches          0.97     **6.09**    **2.25**      1.24        0.57        0.57        0.63     **2.41**      --          0.062        0.070       0.061       0.061
  Oviscapt furrows          0.80       1.17      **2.84**    **4.76**      0.27        0.27      **1.75**     1.40       1.17          --          0.100       0.083       0.061
  Vulval shield             2.00       0.57        0.83        0.27      **3.10**      0.13        0.13       0.93       0.56         0.27          --         0.091       0.094
  Uterine shield            2.00       0.57        0.83        0.27        0.13      **3.09**      0.13       0.93       0.57         0.27         0.18         --         0.091
  Ventral shields           0.91       0.59        1.23      **1.75**      0.13        0.13      **3.11**     0.65       0.60         1.75         0.13        0.13         --

Likelihood differences (λ) are given below the diagonal, while FDR *q* values after 100 or 1000 simulations are given above the diagonal. Significant correlations (*q* ≤0.05) are given in bold; EPL: epandrial posterior lobes; oviscapt depressions: oviscapt pouches and oviscapt furrows.

Discussion {#s4}
==========

Species-specific Evolution of Female Genitalia {#s4a}
----------------------------------------------

In contrast to previous reports [@pone.0057158-Jagadeeshan1], [@pone.0057158-Eberhard4], our detailed investigation of female external genitalia in the *Drosophila melanogaster* species subgroup shows them to be both species-specific and coevolving with the male structures that they contact during copulation. We not only uncovered a correlation between male lobes and female pouches size ([Fig. 2G](#pone-0057158-g002){ref-type="fig"}), but also several qualitative associations between male and female genitalia: ventral vaginal shields and cercal teeth in *D. teissieri*, vulval shields and phallic hooks in *D. orena*, and uterine shields and large serrated phallus in *D. erecta* ([Fig. 6D](#pone-0057158-g006){ref-type="fig"}).

Our observations show that one cannot infer faster morphological evolution of genitalia in males than in females based on genitalia drawings in taxonomic literature, as descriptions of male structures are usually overrepresented in current literature [@pone.0057158-Eberhard1], [@pone.0057158-Eberhard2], [@pone.0057158-Eberhard3]. Female genitalia of all species of the *melanogaster* subgroup except *D. yakuba* and *D. santomea* were previously drawn in taxonomic papers [@pone.0057158-Tsacas1]--[@pone.0057158-Tsacas5], [@pone.0057158-Bchli1], but only the oviscapt pouch of *D. simulans* [@pone.0057158-Bchli1] and the vulval shield of *D. orena* [@pone.0057158-Tsacas4] were outlined. The *D. melanogaster* pouch can be seen on the SEM micrographs of Eberhard and Ramirez [@pone.0057158-Eberhard4] and on the light micrographs of Kamimura [@pone.0057158-Kamimura2] but the authors did not comment on it. The female genitalia traits that we uncovered here are either external depressions or internal sclerifications. These structures are not as conspicuous as the protrusions (epandrial posterior lobes, phallus spines, etc.) identified previously on male external and internal genitalia in the *D. melanogaster* subgroup species. Although *D. mauritiana* and *D. santomea* female genitalia did not display any species-specific sclerotized structures, their oviscapt exhibited other species-specific morphological traits, e.g. *D. mauritiana* oviscapts are larger, elongated and with stouter peg-like bristles ([Fig. 1J](#pone-0057158-g001){ref-type="fig"}, [3G](#pone-0057158-g003){ref-type="fig"}, [6B, C](#pone-0057158-g006){ref-type="fig"}).

Our observations also suggest that male- or female- specific structures located at similar anatomical positions might contact distinct female- or male-specific structures, respectively, in different species. For example, female pouches and furrows located at similar positions contact male lobes in the *melanogaster* species complex and phallic basal spikes in the *yakuba* species complex, respectively. Furthermore, the male phallic basal hooks contact a vaginal shield in *D. orena* whereas their corresponding structure in the *yakuba* complex, the basal spikes, contacts female furrows.

In our presently limited state of knowledge regarding the genetic and developmental basis of most of the genital traits described here, it is difficult to formulate homology hypotheses and to precisely determine whether similar traits have been lost or represent independent evolutionary innovations. For example, the various vaginal shields located at different positions in the female lower reproductive tract in diverse species may have diverged from a single ancestral shield or may be true independent innovations. We chose here to code each species-specific vaginal shield as an independent character, and the most parsimonious scenario associated with this view is thus multiple independent origins of the vaginal shield ([Fig. 6D](#pone-0057158-g006){ref-type="fig"}). Had we chosen to encode all vaginal shields as a single character state, then the most parsimonious scenario would have been a loss of vaginal shields in the ancestor of *D. yakuba* and *D. santomea*. Current data do not allow us to distinguish between these two possibilities. Similarly, oviscapt pouches might have originated independently in diverse species or might have been lost in *D. mauritiana* ([Fig. 6B](#pone-0057158-g006){ref-type="fig"}). Comparative work on the development of genitalia in the diverse *melanogaster* subgroup species is required to resolve this issue.

Evolutionary Causes and Consequences of Male-female Genital Coevolution in *Drosophila* {#s4b}
---------------------------------------------------------------------------------------

At the post-copulatory level, intra- and interspecific size coevolution between male sperm and female sperm storage organs have been documented in *Drosophila* [@pone.0057158-Pitnick1]--[@pone.0057158-Joly2]. Given that several male seminal proteins are toxic to females [@pone.0057158-Mueller1], most notably the sex peptide which also controls sperm release from sperm storage organs [@pone.0057158-Avila1], SAC has been proposed to be a major factor driving the rapid evolution of post-copulatory reproductive traits in *Drosophila*.

Our study reveals that female genital structures appear to coevolve with male structures in the *melanogaster* species subgroup. Such a pattern is consistent with the SAC hypothesis (antagonist coevolution), with the CFC hypothesis (cooperative evolution) and with another evolutionary hypothesis known as the lock-and-key [@pone.0057158-Dufour1], which posits that male and female genitalia coevolve rapidly to prevent or reduce copulation between closely-related species [@pone.0057158-Masly2]. Divergence in genitalia morphologies is clearly not sufficient to prevent interspecific mating in the *melanogaster* species subgroup. Hybrids between *D. santomea* and *D. yakuba* have been found in natural populations on the island of São Tomé [@pone.0057158-Llopart1] and interspecific crosses can be performed in the laboratory between multiple species pairs in the *D. melanogaster* species subgroup [@pone.0057158-Cariou1].

In the lack of experimental data testing the costs induced to the female by the species-specific male characters identified here, it is difficult to conclude whether CFC or SAC is the prevalent force driving genital coevolution in the *melanogaster* subgroup. According to their anatomy and the male organs that they contact during copulation, the various vaginal shields discovered in this study might protect from apparently harmful phallic ornaments (in *D. erecta* and *D. orena*) or from cercal teeth (in *D. teissieri*) during copulation. These shields are devoid of grooves and furrows, suggesting that they might not facilitate genital coupling during copulation. Similarly, *D. yakuba* and *D. teissieri* oviscapt furrows might protect from harmful phallic spikes. Accordingly, contamination risk via matings wounds caused by these spikes in *D. yakuba* are higher in interspecific crosses with *D. santomea* females lacking oviscapt furrows than in intraspecific crosses [@pone.0057158-Kamimura4]. The main force driving coevolution of lobes and pouches in the *melanogaster* complex is less clear. The oviscapt pouches may have evolved to screen males for the ones having the most compatible lobes or to help them grasp, in agreement with CFC. Alternatively, the oviscapt pouches and furrows may act as anti-grasping organs that help to dislodge the mating male. At present, it is difficult to interpret from comparative data alone the main driving force of lobe-pouch coevolution.

Recent experimental techniques such as laser surgery provide promising tools to understand the function and fitness consequences of microscopic genital structures. Experimental and genetic approaches have recently helped to understand the adaptive role of a few male grasping structures in *Drosophila* such as the mechanosensilla of the surstylus in *D. melanogaster* [@pone.0057158-Acebes1], the spine-like dorsal portion of the surstyli (known as secondary claspers) in *D. bipectinata* [@pone.0057158-Polak1] and in *D. ananassae* [@pone.0057158-Grieshop1], and the asymmetric epandrial lobes of *D. pachea* [@pone.0057158-Lang1]. Alteration of these structures decreased male mating success, but the effect on female fitness was not determined. Future examination of the fitness consequences of experimental modifications of the male and female structures identified in this study would probably provide useful data to test which sexual selection hypothesis drives genitalia coevolution in the *melanogaster* species subgroup.

Theoretical models suggest that sexual selection on reproductive traits drives male and female coevolution along a line of equilibrium within populations, hence ultimately leading to populations differentiation and speciation [@pone.0057158-Ritchie1]. However, empirical tests are lacking, probably due to the scarcity of cases where clearly coevolving male-female genital structures are known to vary in natural populations or between incompletely-isolated, nascent species. Geographical variation in male epandrial posterior lobes in the *melanogaster* complex [@pone.0057158-Liu1] and in number of male cercal teeth in *D. teissieri* [@pone.0057158-Benjamini1], [@pone.0057158-Dalmasso1] has been reported. Future analysis of the geographical variation of the corresponding coevolving female structures identified here might reveal interesting patterns.

With high-throughput sequencing methods and powerful genetic tools, the genes responsible for genitalia morphological differences between species of the *Drosophila melanogaster* subgroup are now within reach and should soon be identified. Having these data in hand will then allow us to explore important yet unanswered evolutionary questions, such as whether coevolving male and female traits share similar developmental basis and which selective forces drive male-female genitalia coevolution.

Supporting Information {#s5}
======================

###### 

**A nexus file describing male and female genital characters distribution in the nine species of the** ***Drosophila melanogaster*** **species subgroup.**

(NEX)

###### 

Click here for additional data file.
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